The EMBO Journal vol.5 no.3 pp.575—-581, 1986

The chromosomal gene structure and two mRNAs for human

granulocyte colony-stimulating factor

Shigekazu Nagata, Masayuki Tsuchiya, Shigetaka Asano,
Osami Yamamoto®, Yuichi Hirata!, Naoki Kubotal,
Masayoshi Oheda!, Hitoshi Nomura® and

Tatsumi Yamazaki!

Institute of Medical Science, University of Tokyo, 4-6-1 Shirokanedai,
Minato-ku, Tokyo 108, and !New Drug Research Laboratories, Chugai
Pharmaceutical Co., 3-41-8 Takada, Toshima-ku, Tokyo 171, Japan

Communicated by C.Weissmann

Two different cDNAs for human granulocyte colony-stimu-
lating factor (G-CSF) were isolated from a cDNA library con-
structed with mRNA prepared from human squamous
carcinoma cells, which produce G-CSF constitutively. The
nucleotide sequence analysis of both cDNAs indicated that
two polypeptides coded by these cDNAs are different at one
position where three amino acids are deleted/inserted. When
the two cDNAs were introduced into monkey COS cells under
the SV40 early promoter, both of them produced proteins
having authentic G-CSF activity and some difference in the
specific activity was suggested. A human gene library was
then screened with the G-CSF cDNA and the DNA fragment
containing the G-CSF chromosomal gene was characterized
by the nucleotide sequence analysis. The human G-CSF gene
is interrupted by four introns and a comparison of the struc-
tures of the two G-CSF cDNAs with that of the chromosomal
gene indicated that the two mRNAs are generated by alter-
native use of two 5’ splice donor sequences in the second in-
tron of the G-CSF gene. When the G-CSF chromosomal gene
was expressed in monkey COS cells by using the SV40
enhancer two mRNAs were detected by S1 mapping analysis.
Key words: alternative splicing/cDNA/chromosomal gene/human
granulocyte-colony stimulating factor/S1 mapping

Introduction

The proliferation and differentiation of the progenitor cells for
granulocytes and macrophages are regulated by a family of pro-
teins called colony-stimulating factors (CSF) (Burgess and Met-
calf, 1980; Metcalf, 1985). In the murine system, four CSFs have
been well characterized; granulocyte-macrophage CSF (GM-
CSF), granulocyte CSF (G-CSF), macrophage CSF (M-CSF) and
interleukin 3 (IL-3) (Metcalf, 1985). G-CSF and M-CSF are the
specific proliferating factors for granulocytes or macrophages,
respectively. GM-CSF works in both the granulocyte and macro-
phage lineages while IL-3 stimulates the formation of a wide
range of colonies consisting of not only granulocytes and macro-
phages but also eosinophils, megakaryocytes, erythroid and mast
cells. All of these factors have been purified to homogeneity
(Stanley and Heard, 1977; Ihle et al., 1983; Nicola et al., 1983;
Sparrow et al., 1985) and the gene structures for IL-3 and GM-
CSF have recently been determined (Fung et al., 1984; Yokota
et al., 1984; Gough et al., 1984). Some human CSFs were also
partially or homogeneously purified from the medium conditioned
by human placenta, mitogen-induced T-cells or a tumor cell line
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producing CSFs (Nicola et al., 1979, 1985; Gasson et al., 1984)
and the gene structure for GM-CSF and M-CSF have been
reported (Wong et al., 1985; Lee et al., 1985; Kawasaki et al.,
1985).

Recently, Nomura ez al. (1986) established a human squamous
carcinoma cell line (CHU-2) from a human oral cavity tumor
which produces a high quantity of G-CSF constitutively, and the
G-CSF produced by CHU-2 cells was purified to homogeneity.
In a previous paper (Nagata et al., 1986), we have determined
the partial amino acid sequence of the purified human G-CSF,
and isolated the cDNA encoding for human G-CSF by using
oligonucleotide as probe. The nucleotide sequence of the cDNA
was determined and the expression of the cDNA in monkey COS
cells under the control of SV40 early promoter gave rise to a
protein which has the authentic G-CSF activity. However dur-
ing the amino acid sequence determination of the purified G-CSF
protein, it was noticed that there is a definitive difference at one
position between the amino acid sequence of the purified G-CSF
and that deduced from the nucleotide sequence of the G-CSF
cDNA. We now describe the isolation of the second G-CSF
c¢DNA which also codes for a functionally active G-CSF pro-
tein. The protein coded by the second cDNA has a deletion of
three amino acids at residues number 36 —38 from the NH, ter-
minus of the protein, when compared with that coded by the G-
CSF cDNA isolated previously (Nagata et al., 1986). The human
chromosomal gene for G-CSF was then isolated from a human
gene library and the gene structure was determined. The human
G-CSF gene consists of five exons and a comparison of the se-
quences of the two cDNAs with that of the chromosomal gene
has indicated that an alternative use of 5’ splice donor sequence
in intron 2 is responsible for the production of two different
mRNAs for human G-CSF.

Results
cDNA for G-CSFb mRNA

In a previous report (Nagata et al., 1986), we have described
the isolation of a human G-CSF cDNA clone. The amino acid
sequence deduced from the nucleotide sequence of the cDNA
was identical to the sequence of the 21 NH,-terminal amino acids
of native G-CSF (Nomura et al., 1986) and those of several pep-
tides generated by chemical cleavage or enzymatic digestion of
the intact G-CSF. However, when the NH,-terminal amino acid
sequence of the intact G-CSF was reinvestigated with the pep-
tide generated with cyanogen bromide, it revealed a single
definitive difference between the amino acid sequence of native
G-CSF and that deduced from the cDNA. As shown in Figure
1, around amino acid position 35, three amino acids (Val-Ser-
Glu) were missing on the amino acid sequence of the native G-
CSF, compared with that deduced from the nucleotide sequence
of G-CSF cDNA of pBRG-4 or pBRG-5 (Nagata et al., 1986).
This result suggested that there should exist at least two different
mRNAs for G-CSF, one (G-CSFa mRNA) corresponds to the
cDNA (pBRG+4 or pBRG-5) isolated previously, and the other
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31 35 40
Leu Gln Glu Lys Leu Val Ser Glu Cys Ala Thr Tyr Lys
a. CTC CAG GAG AAG CTG GTG AGT GAG TGT GCC ACC TAC AAG

31 35 40
Leu Gln Glu Lys Leu Cys Ala Thr Tyr Lys
CAG GAG AAG CTG TGT GCC ACC TAC

c. 3'= GTC CTC TTC GAC ACA CGG TGG ATG -5'

Fig. 1. Comparison of the amino acid sequence of pBRG4 cDNA (Nagata
et al., 1986) and that of G-CSF purified from the conditioned medium of
CHU-2 cells. (a) Nucleotide sequence and deduced amino acid sequence of
pBRG-4 cDNA. The sequence of Leu-31 to Lys-43 of pPBRG-4 cDNA is
shown. (b) Amino acid sequence of human G-CSF. The amino acid
sequence from the 31st to 40th residues from the NH, terminus of the
purified G-CSF protein is shown together with the corresponding nucleotide
sequence of pBRG-4 cDNA. (c) 24-mer olionucleotide probe used to
identify pBRV-2 cDNA.

(G-CSFb mRNA) codes for the purified protein having the amino
acid sequence described in Figure 1b.

Two mechanisms are conceivable to generate more than one
mRNA for human G-CSF. Like human interferon-o (Nagata et
al., 1980) or some other proteins (Welton-Jones and Kafatos,
1980; Kindle and Firtel, 1978), it is possible that G-CSF is cod-
ed by more than one gene. The other possibility is alternative
splicing. In several cases (DeNoto et al., 1981; Schwarzbauer
et al., 1983; Rosenfeld et al., 1984; Nabeshima et al., 1984,
Nawa et al., 1984), the alternative use of exons can generate
mRNAs encoding for different polypeptide products. Since
human G-CSF appeared to be encoded by. a single gene (Nagata
et al., 1986), the latter possibility, the alternative splicing was
thought to be more likely. Therefore, to isolate the cDNA coding
for the G-CSF protein having the amino acid sequence shown
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10 30
GGAGCCTGCAGCCCAGCCCCACCCAGACCC ATG GCT GGA CCT GCC ACC CAG AGC CCC ATG AAG CTG ATG GCC CTG CAG CTG CTG CTG TGG
Met Ala Gly Pro Ala Thr GIn Ser Pro Met Lys Leu Met Ala Leu GIn Leu Leu Leu Trp
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CAC AGT GCA CTC TGG ACA GTG CAG GAA GCC ACC CCC CTG GGC CCT GCC AGC TCC CTG CCC CAG AGC TTC CTG CTC AAG TGC TTA GAG CAA
His Ser Ala Leu Trp Thr Val Gln Glu Ala Thr Pro Leu Gly Pro Ala Ser Ser Leu Pro Gln Ser Phe Leu Leu Lys Cys Leu Glu Gln
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10 20
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v
GTG AGG AAG ATC CAG GGC GAT GGC GCA GCG CTC CAG GAG AAG CTG TGT GCC ACC TAC AAG CTG TGC CAC CCC GAG GAG CTG GTG CTG CTC
Val Arg Lys Ile Gln Gly Asp Gly Ala Ala Leu Gln Glu Lys Leu Cys Ala Thr Tyr Lys Leu Cys His Pro Glu Glu Leu Val Leu Leu

30
290 310

GGA CAC TCT CTG GGC ATC CCC TGG GCT CCC CTG AGC AGC TGC CCC
Gly His Ser Leu Gly Ile Pro Trp Ala Pro Leu Ser Ser Cys Pro

60
370 390

GGC CTT TTC CTC TAC CAG GGG CTC CTG CAG GCC CTG GAA GGG ATC
Gly Leu Phe Leu Tyr Gln Gly Leu Leu Gln Ala Leu Glu Gly Ile

90
470 490

GCC GAC TTT GCC ACC ACC ATC TGG CAG CAG ATG GAA GAA CTG GGA
Ala Asp Phe Ala Thr Thr Ile Trp Gln Gln Met Glu Glu Leu Gly

120
550 570 G

GCC TCT GCT TTC CAG CGC CGG GCA GGA GGG GTC CTA GTT GCC TCC
Ala Ser Ala Phe Gln Arg Arg Ala Gly Gly Val Leu Val Ala Ser

150

40 50

330 350
AGC CAG GCC CTG CAG CTG GCA GGC TGC TTG AGC CAA CTC CAT AGC
Ser GIln Ala Leu Gln Leu Ala Gly Cys Leu Ser Gln Leu His Ser
70 80

410 430 450
TCC CCC GAG TTG GGT CCC ACC TTG GAC ACA CTG CAG CTG GAC GTC
Ser Pro Glu Leu Gly Pro Thr Leu Asp Thr Leu Gin Leu Asp Val

100 110

510 530
ATG GCC CCT GCC CTG CAG CCC ACC CAG GGT GCC ATG CCG GCC TTC
Met Ala Pro Ala Leu Gln Pro Thr Gln Gly Ala Met Pro Ala Phe
130 140

590 610 630
CAT CTG CAG AGC TTC CTG GAG GTG TCG TAC CGC GTT CTA CGC CAC
His Leu Gln Ser Phe Leu Glu Val Ser Tyr Arg Val Leu Arg His

160 170

650 670 690 710 730
CTT GCC CAG CCC TGA GCCAAGCCCTCCCCATCCCATGTATTTATCTCTATTTAATATTTATGTCTATTTAAGCCTCATATTTAAAGACAGGGAAGAGCAGAACGGAGCCCCAGG

Leu Ala Gln Pro End

750 770 790 810 830 850
CCTCTGTGTCCTTCCCTGCATTTCTGAGTTTCATTCTCCTGCCTGTAGCAGTGAGAAAAAGCTCCTGTCCTCCCATCCCCTGGACTGGGAGGTAGATAGGTAAATACCAAGTATTTATT

870 890 910 930 950 970
ACTATGACTGCTCCCCAGCCCTGGCTCTGCAATGGGCACTGGGATGAGCCGCTGTGAGCCCCTGGTCCTGAGGGTCCCCACCTGGGACCCTTGAGAGTATCAGGTCTCCCACGTGGGAG

990 1010 1030 1050 1070 1090
ACAAGAAATCCCTGTTTAATATTTAAACAGCAGTGTTCCCCATCTGGGTCCTTGCACCCCTCACTCTGGCCTCAGCCGACTGCACAGCGGCCCCTGCATCCCCTTGGCTGTGAGGCCCC

1110

1130 1150 1170 1190 210
TGGACAAGCAGAGGTGGCCAGAGCTGGGAGGCATGGCCCTGGGGTCCCACGAATTTGCTGGGGAATCTCGTTTTTCTTCTTAAGACTTTTGGGACATGGTTTGACTCCCGAACATCACC

1230 1250 1270 1290 1310 1330
GACGCGTCTCCTGTTTTTCTGGGTGGCCTCGGGACACCTGCCCTGCCCCCACGAGGGTCAGGACTGTGACTCTTTTTAGGGCCAGGCAGGTGCCTGGACATTTGCCTTGCTGGACGGGG

1350 1370 1390 1410 1430 1450
ACTGGGGATGTGGGAGGGAGCAGACAGGAGGAATCATGTCAGGCCTGTGTGTGAAAGGAAGCTCCACTGTCACCCTCCACCTCTTCACCCCCCACTCACCAGTGTCCCCTCCACTGTCA

1470 T 1510 :
CATTGTAACTGAACTTCAGGATAATAARGTGCTTGCCTCCAAAAAAAAAAAAAAAAAAAAAAA

Fig. 2. Nucleotide sequence and deduced amino acid sequence of pBRV-2. Amino acids are numbered starting at Thr-1 of the mature G-CSF protein. The
amino acid sequence used to make the oligonucleotide probe is underlined, and the poly(A) addition signal AATAAA (Proudfoot and Brownlee, 1976) is
boxed. The sequence of pBRV-2 cDNA differs at three positions from that of pPBRG4 cDNA. At nucleotide position 225 (marked by V), there is a deletion
of nine nucleotides and at positions 576 and 1490, pBRV-2 cDNA has A and C residues, respectively while G and T residues are found on pBRG-4 cDNA

(Nagata et al., 1986).
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in Figure 1b, a synthetic oligonucleotide 24 bases long was
prepared as a hybridization probe (Figure 1c). The nucleotide
sequence of the oligonucleotide is derived from the pBRG4
cDNA sequence (Nagata et al., 1986) of the amino acid posi-
tion GIn-32 to Leu-35 and Cys-39 to Tyr-42. The nine nucleotides
coding for Val-Ser-Glu at the amino acid position 36 —38 were
removed to design the 24-mer oligonucleotide.

Approximately 300 000 cDNA clones prepared with the \gt10
vector (Huynh et al., 1985) were screened with the two different
probes, one with the 32P-labelled pBRG-4 cDNA and the other
with 32P-labelled 24-mer oligonucleotide described in Figure 1c.
About 100 clones hybridized with the pPBRG-4 cDNA probe, and
~20 clones were positive with both pBRG-4 cDNA and the
24-mer oligonucleotide probe. Six clones were randomly pick-
ed from those positive clones, plaque purified and designated as
Av-1 to Av-6. The cDNAs of these clones were 1.4—1.6 kb long,
as judged by EcoRlI restriction enzyme digestion, and one of the
cDNAs (A\v-2) was re-cloned at the EcoRI site of pBR327
(denoted as pBRV-2).

Figure 2 shows the structure of the cDNA of pBRV-2 which
conains 1498 nucleotides excluding the poly(A) tract. Around
amino acid position 35, exactly nine nucleotides, GTGAGTGAG,
which are at the nucleotide positions 227 —235 on the pPBRG-4
cDNA (Nagata et al., 1986), are missing in the cDNA of
pBRV-2. This result confirmed that the insert of pBRV-2 is the
cDNA for G-CSFb mRNA coding for the G-CSF protein, which
was purified from the conditioned medium of CHU-2 cells and
has the amino acid sequence described in Figure 1b. The other
differences found between the nucleotide sequences of pPBRG-4
and pBRV-2 are; the 5’ terminus of pPBRV-2 ¢cDNA is one base
shorter than pBRG-4, and the nucleotides at positions 576 and
1490 (counted on the pBRV-2 sequence) of pBRV-2 are A and
C, respectively, while those of pBRG-4 are G and T. Except
for these differences, the nucleotide sequence of pBRV-2 was
identical to that of pBRG4, including the 3’ non-coding region
which is known to diverge very quickly between homologous
genes (Lomedico ef al., 1979). These results strongly suggest
that the two G-CSF mRNAs (G-CSFa and G-CSFb) are trans-
cribed from a single gene.

The G-CSFb mRNA can code for a protein consisting of 204
amino acids, of which 174 amino acids are for the mature pro-
tein. The total number of amino acids residues is three less than
that coded by G-CSFa mRNA, and the mol. wt of the mature
G-CSFb protein was calculated to be 18 671.

The structure of the human G-CSF chromosomal gene

To investigate the chromosomal gene organization and the
mechanism of the generation of the two G-CSF mRNAs (G-CSFa
and G-CSFb), the human chromosomal gene for G-CSF was
isolated. 5 X 10° plaques of a human genomic library (a gift
from Dr T. Maniatis; Lawn et al., 1978), was screened with
the 32P-labelled ~ 600-bp Sau3Al fragment of pHCS-1 (Nagata
et al., 1986). Fifteen individual hybridizing clones were isolated
from the library and DNA from seven recombinant phages was
then analyzed by restriction enzyme digestion and Southern
hybridization with pPBRG-4 cDNA as probe. All of these DNAs
had almost identical restriction maps, and the 4.2-kb EcoRI—Xhol
fragment, which seemed to contain all the sequence in the cDNA
of pBRG4, was subcloned in the EcoRlI site of pBR327 using
an EcoRlI linker.

Figure 3b shows the nucleotide sequence of the G-CSF
chromosomal gene together with those of two G-CSF cDNAs.

Gene structure and mRNAs of human G-CSF

The sequence of the G-CSF chromosomal gene and that of
pBRG-4 matched completely except for a single base pair tran-
sition at nucleotide position 2066 of Figure 3b (position 1235
of Nagata et al., 1986). On the other hand, the sequence of the
G-CSF chromosomal gene and that of pBRV-2 differ at three
positions at nucleotide positions of 1417, 2066 and 2331 of Figure
3b (positions 576, 1225 and 1490 in Figure 2b). These differences
are probably due to allelic variation.

Comparison of the genomic DNA sequence with the cDNA
sequences of pPBRG-4 and pBRV-2 enabled us to identify the
structural organization of the human G-CSF gene (Figure 3a).
There are five exons in the G-CSF gene, and exons 1, 3, 4 and
5 are present in both G-CSFa and G-CSFb mRNA. On the other
hand, exon 2 is used differently in G-CSFa and G-CSFb mRNA.
As shown in Figure 4a, at the 5’ terminus of intron 2, two donor
sequences for splicing are arranged in tandem, 9 bp apart. G-
CSFa mRNA utilizes the second donor sequence at nucleotide
position 380/381 for splicing while G-CSFb mRNA is generated
by splicing at nucleotide position 371/372. The 3’ acceptor site
of intron 2 at 758/759 is used in common to produce both mRNAa
and mRNAD. All of the splice donor and acceptor sites conform
to the GT----AG rule (Breathnach and Chambon, 1981) for
nucleotides immediately flanking exon borders. Further flank-
ing sequences are in good agreement with favored nucleotide fre-
quencies noticed in other split genes (Breathnach and Chambon,
1981; Mount, 1982) as shown in Figure 4b. The first nucleotides
of pBRG4 (Nagata et al., 1986) and pBRV-2 (Figure 2b) cDNAs
are at nucleotide positions —31 and —30, respectively, and at
position of —63, the sequence 5'-TATAAA-3’ can be found. This
sequence may correspond to the well-conserved ‘Hogness box’
(Breathnach and Chambon, 1981) which determines the specifici-
ty of the initiation of mRNA synthesis by RNA polymerase II
(Grosschedl and Birnstiel, 1980). Since the A residues in the CA
dinucleotide are generally preferred as capping sites for transcrip-
tion initiation, the A at —35 can be assigned as the first nucleotide
of G-CSFa and G-CSFb mRNA. From these results, we con-
clude that both G-CSFa and G-CSFb mRNA s are generated from
a common precursor RNA as a consequence of alternative use
of the splice donor sequences at the 5' terminus in intron 2.

Expression of G-CSF cDNA and the chromosomal gene in monkey
COS cells

In a previous report (Nagata et al., 1986), we have prepared the
expression plasmid for pPBRG-4 cDNA (pHGA410) and proved
that the cDNA codes for a protein having G-CSF activity by ex-
pressing it in monkey COS cells. To examine whether pPBRV-2
¢DNA can code for a functional G-CSF, a similar expression
plasmid was constructed and designated as pHGV21 (Figure 5a).
The plasmids pHGA410 and pHGV21 (Figure 5a) were introduc-
ed into COS cells, and incubated at 37°C for 72 h. The media
were collected and G-CSF in the media was directly, or after
partial purification, assayed for CSF activity on human bone mar-
row cells. As shown in Table I, the supernatants of COS cells
transfected either with pHGA410 or pHGV21 stimulated colony
formation by using the partially purified samples, whereas no
CSF activity was detected in the sample prepared from the
medium of COS cells which received the vector plasmid pdKCR
(Table I). Supernatants of both pHGA410 and pHGV21-derived
COS cells stimulated the formation of colonies consisting almost
exclusively of granulocytes (data not shown). Furthermore the
G-CSF in the supernatants of COS cells transfected with either
pHGA410 or pHGV21 were also active on mouse bone marrow
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b -360 -340 -320 -300 -280 -260
CTGCCGCTTCCAGGCGTCTATCAGCGGCTCAGCCTTTGTTCAGCTGTTCTGTTCAAACACTCTGGGGCCATTCAGGCCTGGGT! AGC T

~240 -220 -200 -180 -160 -140
AAGGCGACGTCAAAGGAGGATCAGAGATTCCACAATTTCACAAAACTTTCGCAAACAGCTTTTTGTTCCAACCCCCCTGCATTGTCTTGGACACCAAATTTGCATAAATCCTGGGAAGT
-120 -100 -80 -60 -40 * v G4 -20
TATTACTAAGCCTTAGTCGTGGCCCCAGGTAATTTCCTCCCAGGCCTCCATGGGGTTATGTATAAAGGGCCCCCTAGAGCT GGGCCCCAAAACAGCCC&GAGCCTGCAGCCC AGCCCCA
v2

1 20 40 60 80
CCCAGACCC ATG GCT GGA CCT GCC ACC CAG AGC CCC ATG AAG CTG ATG G GTGAGTGTCTTGGCCCAGGATGGGAGAGCCGCCTGCCCTGGCATGGGAGGGAGGC
Met Ala Gly Pro Ala Thr Gln Ser Pro Met Lys Leu Met A
0

- -20

100 120 140 160 180 200
TGGTGTGACAGAGGGGCTGGGGATCCCCGTTCTGGGAATGGGGATTAAAGGCACCCAGTGTCCCC 'CTCAGGTGGT ACAGCATGTCTCCTGAGCCCGCTCTGTCCCCAG

220 247 260 280 300
CC CTG CAG CTG CTG CTG TGG CAC AGT GCA CTC TGG ACA GTG CAG GAA GCC ACC CCC CTG GGC CCT GCC AGC TCC CTG CCC CAG AGC TTC
la Leu GIln Leu Leu Leu Trp His Ser Ala Leu Trp Thr Val Gln Glu Ala Thr Pro Leu Gly Pro Ala Ser Ser Leu Pro Gln Ser Phe

-10 -1

320 340 360 380
CTG CTC AAG TGC TTA GAG CAA GTG AGG AAG ATC CAG GGC GAT GGC GCA GCG CTC CAG GAG AAG CTG GTG_A 3AG GTGGGTGAGAGGGCTGTGG
Leu Leu Lys Cys Leu Glu GIn Val Arg Lys Ile GIn Gly Asp Gly Ala Ala Leu Gln Glu Lys Leu[Val Ser Glu]

30

420 440 460 480 500 520
AGGGAAGCCCGGT CTA, TGGAACTGCAGGGCCAACATCCTCTGGAAGGGACATGGGAGAATATTAGGAGCAGTGGAGCTGGGGAAGGCTGGGAAGGGACTTGGGGAG

540 560 580 600 620 640
GAGGACCTTGGTGGGGACAGTGCTCGGGAGGGCTGGCTGGGATGGGAGTGGAGGCATCACATTCAGGAGAAAGGGCAAGGGCCCCTGTGAGATCAGAGAGTGGGGGTGCAGGGCAGAGAGG
700

'CC

660 680 720 740
AACTGAACAGCCTGGCAGGACAT AAGACC C AGGAGCGGCGACCCGGCCACGGCGAGTCTCACTCAGCATCCTTCCATCCCCAG

780 800 820 840
TGT GCC ACC TAC AAG CTG TGC CAC CCC GAG GAG CTG GTG CTG CTC GGA CAC TCT CTG GGC ATC CCC TGG GCT CCC CTG AGC AGC TGC CCC
Cys Ala Thr Tyr Lys Leu Cys His Pro Glu Glu Leu Val Leu Leu Gly His Ser Leu Gly Ile Pro Trp Ala Pro Leu Ser Ser Cys Pro
40 60

860 880 900 920 940 960
AGC CAG GCC CTG CAG CTG GTGAGTGTC AAGGATAAGGCTAAT ACACCCATGGGCTCCCCCATGTCTCCAGGT TCCAAGCTGGGGGCC

Ser Gln Ala Leu Gin Leu

1060

980 1000 1020 1040
TGACGTATCTCAGGCAGCACCCCCTAACTCTTCCGCTCTGTCTCACAG GCA GGC TGC TTG AGC CAA CTC CAT AGC GGC CTT TTC CTC TAC CAG GGG CTC
Ala Gly Cys Leu Ser Gln Leu His Ser Gly Leu Phe Leu Tyr Gln Gly Leu
80

1080 1100 1120 1140
CTG CAG GCC CTG GAA GGG ATC TCC CCC GAG TTG GGT CCC ACC TTG GAC ACA CTG CAG CTG GAC GTC GCC GAC TTT GCC ACC ACC ATC TGG
Leu Gln Ala Leu Glu Gly Ile Ser Pro Glu Leu Gly Pro Thr Leu Asp Thr Leu Gln Leu Asp Val Ala Asp Phe Ala Thr Thr :;: Trp
110

1160 1180 1200 1220 1240 1260
CAG CAG GTGAGCCTTGTTGGGCAGGGTGGCCAAGGTCGTGCTGGCATTCTGGGCACCACAGCCGGGCCTGTGTATGGGCCCTGTCCATGCTGTCAGCCCCCAGCATTTCCTCATTTG
Gln Gln

1280 1300 1320 1340
TAATAACGCCCACTCAGAAGGGCCCAACCACTGATCACAGCTTTCCCCCACAG ATG GAA GAA CTG GGA ATG GCC CCT GCC CTG CAG CCC ACC CAG GGT GCC
Met Glu Glu Leu Gly Met Ala Pro Ala Leu Gln Pro Thr Gln Gly Ala

1380 1400 A 1440
ATG CCG GCC TTC GCC TCT GCT TTC CAG CGC CGG GCA GGA GGG GTC CTG GTT GCC TCC CAT CTG CAG AGC TTC CTG GAG GTG TCG TAC CGC
Met Pro Ala Phe Ala Ser Ala Phe Gln Arg Arg Ala Gly Gly Val Leu Val Ala Ser His Leu Gln Ser Phe Leu Glu Val Ser Tyr Arg
140 150

1480 1500 1520 1540 1560
GTT CTA CGC CAC CTT GCC CAG CCC TGA GCCAAGCCCTCCCCATCCCATGTATTTATCTCTATTTAATATTTATGTCTATTTAAGCCTCATATTTAAAGACAGGGAAGAGC
Val Leu Arg His Leu Ala Gln Pro End
170

1580 1600 1620 1640 1660 1680
AGAACGGAGCCCCAGGCCTCTGTGTCCTTCCCTGCATTTCTGAGTTTCATTCTCCTGCCTGTAGCAGTGAGAAAAAGCTCCTGTCCTCCCATCCCCTGGACTGGGAGGTAGATAGGTAA
1700 1720 1740 1760 1780 1800
ATACCAAGTATTTATTACTATGACTGCTCCCCAGCCCTGGCTCTGCAATGGGCACTGGGATGAGCCGCTGTGAGCCCCTGGTCCTGAGGGTCCCCACCTGGGACCCTTGAGAGTATCAG
1820 1840 1860 1880 1900 1920
GTCTCCCACGTGGGAGACAAGAAATCCCTGTTTAATATTTAAACAGCAGTGT TCCCCATCTGGGTCCTTGCACCCCTCACTCTGGCCTCAGCCGACTGCACAGCGGCCCCTGCATCCCC
1940 1960 1980 2000 2020 2040
TTGGCTGTGAGGCCCCTGGACAAGCAGAGGTGGCCAGAGCTGGGAGGCATGGCCCTGGGGTCCCACGAATTTGCTGGGGAATCTCGTTTTTCTTCTTAAGACTTTTGGGACATGGTTTG
2060 C 2080 2100 2120 2140 2160
ACTCCCGAACATCACCGACGTGTCTCCTGTTTTTCTGGGTGGCCTCGGGACACCTGCCCTGCCCCCACGAGGGTCAGGACTGTGACTCTTTTTAGGGCCAGGCAGGTGCCTGGACATTT
2180 2200 2220 2240 2260 2280
GCCTTGCTGGATGGGGACTGGGGATGTGGGAGGGAGCAGACAGGAGGAATCATGTCAGGCCTGTGTGTGAAAGGAAGCTCCACTGTCACCCTCCACCTCTTCACCCCCCACTCACCAGT

2300 2320 C 2340 2360 2380 2400
GTCCCCTCCACTGTCACATTGTAACTGAACTTCAGGATAATAAAGTGTTTGCCTCCAGTCACGTCCTTCCTCCTTCTTGAGTCCAGCTGGTGCCTGGCCAGGGGCTGGGGAGGTGGCTG

2420 2460 2480
of "Cl C

2500 2520 2540
CT Ct AAGTTCTCAAGTTCGTCTGACATTCATTCCGTTAGCACATATTTATCTGAGC

AAGGGT

2540 2560 2580
ACCTACTCTGTGCAGACGCTGGGCTAAGTGCTGGGGACACAGCAGGGAACAAGGCAGACATGGAATCTGCACTCGA

Fig. 3. Organization and nucleotide sequence of human G-CSF chromosomal gene. (a) The organization of the human G-CSF chromosomal gene. Boxes and
lines between them represent five exons and four introns, respectively. The coding sequence is represented by the dark area, and the hatched region indicates
intron 2’ which is used as part of exon 2 on G-CSFa mRNA but not on G-CSFb mRNA. The size scale in bases is drawn above the gene; the initiation
codon ATG is numbered as 1. The locations of the major recognition sites for restriction enzymes are given under the gene. (b) Nucleotide sequence of the
G-CSF chromosomal gene. The coding sequence of the exons is translated and numbered from Thr-1 of the NH,-terminal amino acid of the mature G-CSF
protein. The three amino acids (Val-Ser-Glu) which are missing in the pBRV-2 cDNA are boxed. The ‘TATAAA’ box and ‘AATAAA’ polyadenylation signal
are underlined. The first nucleotdies of pBRG-4 and pBRV-2 are indicated, and the putative initiation site for transcription is marked by *. The nucleotide
sequence of the chromosomal gene differs from that of cDNAs at three positions. At positions 1417 and 2331, pBRV-2 cDNA has A and C, respectively,
while the chromosomal gene and pBRG-4 have G and T. At position 2066, the T residue of the chromosomal gene was replaced by C on the two cDNAs of
pBRG-4 and pBRV-2.
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Exon 2 I 2! Bx;n 3 G-CSFa mRNA
371 380 759
Exon 2 2 Intron 2 —-I Exon 3 precursor RNA
""" — T ==
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Fig. 4. Schematic representation of alternative splicing of G-CSF precursor
RNA and the summary of the splice junction. (a) Alternative splicing in
intron 2 of the human G-CSF gene. The structure of the splice junction in
intron 2 is shown. Exons and introns are represented by open bars and
lines, respectively. The numbers on the precursor RNA indicate the
nucleotide position in Figure 3b. (b) Summary of introns and splice
junctions of the G-CSF gene. Each row lists the introns, the nucleotide
positions comprising each intron and the DNA sequences adjacent to the 5’
(donor) and the 3’ (acceptor) border (see Figure 3b). The junctions between
exons and introns are indicated by !. The consensus sequences (Breathnach
and Chambon, 1981; Mount, 1982) for splice site are shown on the bottom
row, and the matching nucleotides on the G-CSF gene are underlined.

cells (data not shown). On the other hand, when the supernatants
of COS cells were directly assayed for CSF activity, the activity
was detected only in the supernatant of COS cells transfected
with pHGV21 (Table I, exp. 4). Since the partial purification
of G-CSF resulted in ~20 times concentration of G-CSF, these
results might suggest that the two G-CSF molecules have dif-
ferent specific activities although the possibility of different ex-
pression of G-CSF molecules in COS cells cannot be ruled out.

As described above, in human squamous carcinoma cells of
CHU-2, there are two different G-CSF mRNAs both of which
code for the functional G-CSF. However, since some rearrange-
ment of the G-CSF gene was observed in one of the alleles of
CHU-2 cells (Nagata et al., 1986), it can be argued that one of
two mRNAs is generated from the rearranged gene. To in-
vestigate this possibility, the G-CSF chromosomal gene was ex-
pressed in monkey COS cells. 4.2 kb of EcoRI—Xhol fragment
containing the human G-CSF chromosomal gene was joined at
the EcoRI site of pMLE* (Banerji et al., 1981, a gift from Dr
W. Schaffner) which carries the SV40 replication origin and
enhancer. The resultant recombinant plasmid was designated as
pPMLCE3« (Figure 5b) and introduced into COS cells by the
Ca?* phosphate co-precipitation method. Total RNA was
prepared from COS cells 48 h after transfection, and the assay
for G-CSF was carried out with the medium collected 72 h after
transfection. The partially purified sample from the medium con-
tained the G-CSF activity (Table I), and the RNA was analyzed
by S1 mapping (Weaver and Weissmann, 1979). As a probe,
pBRG4 was cleaved with Ahalll, and the 5’ terminus was labell-
ed with 32P. About 2800 bp of the Ahalll —Ahalll fragment, of
which 722 bp is the cDNA sequence and 2133 bp is pBR327
sequence, was annealed with the RNAs from COS cells or
CHU-2 cells. As shown in Figure 6, two RNA-protected bands
with estimated sizes of 722 and 487 bases were seen with RNA
from COS cells as well as mRNA from CHU-2 cells. The sizes
of these two bands correspond to those representing cDNA

Gene structure and mRNAs of human G-CSF

a EcoRl BamHI(EcoRI)

" G-CSFaorb
SV40
% earty
pHGA4IO or BamHi(Ahalll)
pHGV21
potyA B-globin

Fig. 5. Structure of the expression vector for G-CSF ¢cDNAs and the
chromosomal gene. (a) Structure of the expression vector for G-CSF
cDNAs. The construction of expression plasmid pHGA410 was described
previously (Nagata et al., 1986), the plasmid pHGV21 was prepared in the
same way as pHGA410 using 719 bp of the EcoRI—Ahalll fragment of
pBRV-2 (Figure 2). For pHGV21, BgllI linker was used to join the cDNA
with pdKCR (O’Hare et al., 1981; Fukunaga et al., 1984) instead of
BamHI linker which was used to construct pHGA410. (b) Structure of the
expression vector for the G-CSF chromosomal gene. Plasmid pMLE™" was
constructed by ligating the 366-bp Kpnl— HindIIl fragment containing the
SV40 replication origin with pML-1 (Lusky and Botchan, 1981) at the
EcoRI—HindIll site using EcoRI linker. The 4.2-kb EcoRI fragment of
pBRCES3 containing the G-CSF chromosomal gene (see Figure 2) was
ligated with pMLE at the EcoRI site. The recombinant plasmid containing
the G-CSF gene in the orientation shown in the figure was designated as
pMLCE3a. The hatched area is derived from the SV40 sequence and two
= in it represent the 72-bp repeats having enhancer activity (Banerji et al.,
1981). Dark boxes and the open boxes between them represent exons and
introns of the G-CSF gene, respectively.

Table I. CSF activity in the supernatant of COS cells

Transfected with Control
pHGA410 pHGV21 pMLCE3a pdKCR G-CSF  Saline
Exp. 1 (a) 128,116 - -— - - 0 0 125,130 0
() 54, 58 0 0
Exp. 2 (@ — -— 136,166 — -— 0 0 140,125 O
(b) 150, 166
(c) 128,114
Exp.3(@) - - - - 18, 18 0, 0 18, 14 0
() 4, 2
Exp. 4 0, 0 130, 92 - - 0, 0 136,116 0

In Exp. 1, 100 (a) and 50 ul (b), in Exp. 2, 100 (a), 30 (b) and 10 gl (c),
and in Exp. 3, 100 (a) and 50 pl (b) of the partially purified sample was
used for assay. In Exp. 4, 100 ul of the medium of COS cells was directly
used for assay without purification. As controls, the purified G-CSF (20 ng)
or saline was added to the assay mixture. Numbers of colonies consisting of
>50 cells were counted on day 7.

fragments protected by G-CSFa and G-CSFb mRNA, respec-
tively. The ratio of the 722-base fragment to the 487-base frag-
ment was ~2:8 and 8:2, with RNA from CHU-2 cells and COS
cells, respectively. This result indicates that the splice donor se-

579



S.Nagata et al.

(a) M. 203

~2,800- -
| R E
~960--§ 1

692- -

=722
- - 487
294- -
(b)
cap AAA G-CSFa mRNA
......... * 722 bases
cap AAA G-CSFb mRNA

........... ——————% 487 bases

Fig. 6. S1 mapping of G-CSF mRNA. (a) Autoradiogram. lane M; size
markers, 32P-labelled Ahalll fragment of pPBRG4 (Nagata et al., 1986). The
sources of RNA used for S1 mapping were; lanes 1 and 3, COS cells
transfected with plasmid pMLCE3c; lanes 2 and 4, CHU-2 cells. Numbers
on the left are the size of marker DNA in bases, and numbers on the right
are the sizes of the protected cDNA. The concentrations of S1 nuclease
used are: lanes 1 and 2, 200 U/ml; lanes 3 and 4, 400 U/ml. (b) Predicted
duplex formation between the cDNA probe and the two mRNAs. * indicates
the labelled termini and numbers are the predicted sizes of 32P-labelled
cDNA which should be protected from S1 nuclease digestion.

quences at the nucleotide positions of 371/372 and 380/381 in
intron 2 are utilized in COS cells as well as in CHU-2 cells,
although COS cells and CHU-2 cells have the opposite preference
for the two splice donor sequences.

Discussion

The present study has revealed that the alternative use of the 5’
splice donor sites in intron 2 of the human G-CSF gene generates
two mRNAs which code for different polypeptide products. The
alternative splicing for the generation of different mRNAs has
been reported for some viral genes including SV40 (Ziff, 1980),
adenovirus (Nevins, 1980) and bovine papilloma virus (Yang et
al., 1985) and for several cellular genes (DeNoto et al., 1981;
Schwarzbauer et al., 1983; Rosenfeld et al., 1984; Nabeshima
et al., 1984; Nawa er al., 1984). Apart from the viral genes,
most of the alternative splicings of cellular genes are mediated
by the use of different exons (Rosenfeld et al., 1984; Nabeshima
etal., 1984; Nawa et al., 1984), and two examples of alternative
splicing by use of different exon—intron junctions in the same
exon are known (DeNoto et al., 1981; Schwarzbauer et al.,
1983). In those cases, two or three alternative 3’ splice acceptor
sites were suggested to be responsible for generating the mRNAs
coding for two different human growth hormones (DeNoto e?
al., 1981) or three different rat fibronectins (Schwarzbauer et
al., 1983).
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The G-CSF protein purified from the conditioned medium of
human squamous carcinoma cell line, CHU-2, was G-CSFb hav-
ing a deletion of three amino acids in the molecule, compared
with the G-CSFa coded by pBRG-4 cDNA (Figure 1). This result
is consistent with the S1 mapping analysis of mRNA from CHU-2
cells which showed that >80% of G-CSF mRNA in CHU-2 cells
is G-CSFb mRNA (Figure 6). On the other hand, when the cloned
chromosomal gene for human G-CSF was introduced into mon-
key COS cells, the COS cells produced mainly G-CSFa mRNA
(Figure 6). It will be interesting to study whether this different
splicing of G-CSF precursor RNA in CHU-2 cells and COS cells
is due to some tissue-specific alternative splicing or to the rear-
rangement of the G-CSF gene in CHU-2 cells. The availability
of the cloned G-CSF cDNA and the chromosomal gene, makes
it possible to study the specific producer cells, the mechanism
of the induction of the G-CSF gene and the possibility of tissue-
specific alternative splicing. Furthermore, it will be necessary
to determine whether two different G-CSF molecules actually
exist in the human body.

The finding of two mRNAs coding for the different G-CSF
polypeptide raises questions concerning the functional difference
between the two G-CSF molecules and, in fact, different specific
activity between the two polypeptides was suggested in the col-
ony formation assay (Table I). In addition to the colony forming
activity, G-CSF was reported to suppress the growth of some
leukaemic cells such as mouse WEHI 3B-D* (Nicola et al.,
1985), and stimulate the growth of some leukaemic cells.
Therefore, to investigate the possible functional difference to two
G-CSF molecules, it will be necessary to produce each G-CSF
molecules on a large scale by recombinant DNA technology, and
study the function of each in vitro and in vivo.

The mechanism of the alternative splicing of the G-CSF gene
may provide a good model system for studying splicing of mRNA
in general. The two 5’ splice donor sequences in intron 2 of the
G-CSF gene are arranged in tandem, and both can be utilized
for splicing. This result argues against the simple scanning model
(Sharp, 1981) from either the 5’ or 3’ side, in agreement with
the results obtained by Kiihne et al. (1983). In the current scheme
for splicing, the cleavage at the 5’ exon—intron junction is the
first step (Ruskin et al., 1984; Grabowski ef al., 1984). Since
the two splice donor sequences in intron 2 of the G-CSF gene
are separated by only nine bases and the flanking sequences of
both exon—intron junctions agree well with the consensus se-
quence for splicing (Figure 4), it will be interesting to study what
causes the preferential cleavage in one of the two splice donor
sequences.

Materials and methods

Sequence determination of G-CSF protein and oligonucleotide

The G-CSF molecule (200 pg) was carboxymethylated after reduction, and cleaved
with cyanogen bromide. The peptides generated were fractionated on gel permea-
tion h.p.l.c. on a TSK G3000 column (Toyo Soda Co.), and one of the major
fragments was analyzed by the automatic protein sequencer (Applied Biosystems
Inc.). Forty NH,-treminal amino acid residues were obtained, 21 residues of which
were identical to that of the intact G-CSF (Nomura et al., 1986). In addition,
the peptide was cleaved at the aspartic residue by incubating in 0.25 N acetic
acid at 105°C for 16 h, and directly applied on the automatic protein sequencer.
One of the amino acid sequences starts from Gly-28 and confirmed the sequence
described in Figure 1b. A 24-mer oligonucleotide complementary to mRNA was
prepared by an automatic DNA synthesizer (Applied Biosystems Inc.).

Cloning of G-CSFb cDNA

The dsDNA (Nagata et al., 1986) synthesized using mRNA from CHU-2 cells
was size-fractionated on 1.2% agarose gel (Low Gel Temperature, Bio Rad).
DNA ranging from 1200 to 2500 bp was recovered, and a cDNA library was



constructed with the Agtl0 vector system as described (Hall and Brown, 1985).
Nitrocellulose filters were prepared in duplicate and plaque hybridization (Ben-
ton and Davis, 1977) was carried out either with pBRG-4 cDNA (Nagata et al.,
1986) or the 24-mer oligonucleotide (Figure 1c) as probe. The pBRG-4 cDNA
was nick-translated (Maniatis er al., 1982) using [a-32P]dATP and the
oligonucleotide was labelled with [y-*2PJATP and T4 polynucleotide kinase.
Hybridization with pPBRG4 cDNA was carried out as described (Wahl ef al.,
1979) and hybridization with the oligonucleotide was done in 6 X NET, 100
pg/ml carrier DNA and 1 X Denhardt’s at 60°C (Takahashi er al., 1985). The
filters were washed four times in 6 X SSC at room temperature, followed by
washing in 6 X SSC at 60°C for 1 min. The nucleotide sequence was determin-
ed by the dideoxynucleotide chain termination method after subcloning into M13
mp8 or mp9 (Messing, 1983).

Cloning of the chromosomal gene for human G-CSF

5 x 105 plaques of X\ Charon 4A carrying a human DNA fragment were screen-
ed by a nick-translated ~ 600 bp of the Sau3AI fragment of pHCS-1 (Nagata
et al., 1986) as described (Wahl er al., 1985). Fifteen clones gave a positive
result and the recombinant DNAs of seven clones were characterized by restric-
tion mapping and Southern hybridization with 3?P-labelled pBRG-4 cDNA. In
all seven DNAs, ~8 kb of EcoRI fragment was hybridized with 32P-labelled
pBRG-4 cDNA and this fragment was subcloned at the EcoRI site of pBR327
(denoted as pBRCE). The fine restriction map was constructed with pBRCE and
the EcoRI—-Xhol DNA fragment (4.2 kb) was further subcloned at the EcoRI
site of pBR327 by using EcoRI linker. The resulting plasmid was designated as
PBRCE3 and nearly 3 kb of the nucleotide sequence of the G-CSF gene region
was determined by the dideoxynucleotide chain termination procedure using phage
M13 derivatives (Messing, 1983).

S1 mapping

8 x 108 COS cells (Gluzman, 1981) (on four 9 cm-plates) were transfected with
80 ug of plasmid pMLCE3« (Figure 5b), and total RNA was prepared (Chirgwin
etal., 1979) 48 h after transfection. As a probe, pPBRG-4 was cleaved with Ahalll,
labeled at its 5’ end with [y-*2PJATP and T4 polynucleotide kinase. A 2.8-kb
Ahalll fragment containing 722 bp of the 5’ portion of G-CSFa cDNA and 2133 bp
of pBR327 was isolated by an agarose gel electrophoresis and used as a probe.
The probe (1.5 x 10% c.p.m., 2.8 x 10° c.p.m./ug DNA) was denatured and
mixed with 2 ug of mRNA prepared from CHU-2 cells or 20 ug of total RNA
from COS cells. Hybridization was carried out at 45°C for 15 h, and digested
with S1 nuclese (P.L. Biochemicals) according to the protocol of Weaver and
Weissmann (1979). The products were electrophoresed through an 8.3 M urea/4 %
polyacrylamide gel and autoradiographed.

Transfection of COS cells and in vitro colony formation assay

2 X 10° COS cells in 10 ml of medium were transfected with 20 ug of plasmid
DNA by the DEAE-dextran method (Lee et al., 1985) or the Ca2* phosphate
co-precipitation method (Fukunaga et al., 1984) (exp. 3). 40 ml of medium was
collected 72 h after transfection, the G-CSF in the medium was partially purified
and dissolved in 2 ml of Iscove’s medium as described (Nagata et al., 1986).
The assay for G-CSF activity was carried out using human non-adherent bone
marrow cells (Nagata et al., 1986).
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